Marine environment in the Laizhou Bay is potentially contaminated by metals from industrial discharges. In this study, metal concentrations in shrimps Crangon affinis indicated that two typical sites (S6283 and S5283) close to Longkou and Zhaoyuan cities along the Laizhou Bay have been contaminated by metals, including Cd, As, Cu, Ni, Co, and Mn. In particular, Cd and As were the main metal contaminants in S6283. In S5283, however, Cu was the most important metal contaminant. The metabolic responses in the shrimps indicated that the metal pollution in S6283 and S5283 induced disturbances in osmotic regulation and energy metabolism and reduced anaerobiosis, lipid metabolism, and muscle movement. However, alteration in the levels of dimethylglycine, dimethylamine, arginine, betaine, and glutamine indicated that the metal pollution in S5283 induced osmotic stress through different pathways compared to that in S6283. In addition, dimethylamine might be the biomarker of Cu in shrimp C. affinis.
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The Laizhou Bay is one of the largest bays in the Bohai Sea. Several industrial cities, including Dongying, Weifang, Laizhou, Zhaoyuan, and Longkou, are located along the coast of the Laizhou Bay. In Longkou, there are many coal-mining areas that have been severely polluted by metals/metalloids including arsenic (As), cadmium (Cd), chromium (Cr), nickel (Ni), and lead (Pb) (Liu et al., 2016) . These metal contaminants are readily discharged into the Laizhou Bay, thereby posing a potential risk to the coastal environment. Gold-mining industry is the most important source of occupation for the people of Zhaoyuan city. The discharge of industrial effluents from numerous gold-mining factories may have transported several metal contaminants (e.g., As, Cd, Cu, and Pb) to the coastal environment (Liang et al., 2011) . Therefore, the coastal and marine environments close to these two cities might be contaminated by metals/metalloids. As reported by Mu (2009) , cadmium (Cd) and arsenic (As) were the dominant metal/metalloid pollutants in the sediments from the Laizhou Bay. Undoubtedly, metal pollution in the Laizhou Bay has posed a potential risk to marine organisms (Li et al., 2015) .
The shrimp Crangon affinis is a dominant species found in the Bohai Sea (Cheng, 2005) . C. affinis plays an important role in the food chain, as it is the main bait of fishes. This species can maintain the marine ecosystem health (Cheng, 2005) . In addition, C. affinis is consumed as delicious seafood by local residents (Xu et al., 2008) . Therefore, it is necessary to elucidate the biological effects of metal pollution on shrimp C. affinis.
The -omics techniques (genomics, transcriptomics, proteomics, and metabolomics) can compare the whole patterns of molecules (genes, proteins, and metabolite) to present the differences between normal and stressed biological samples, and therefore, they have been extensively used to elucidate the biological effects induced by environmental stressors in organisms (Ji et al., 2013; Santos et al., 2010; Song et al., 2016a Song et al., , 2016b . Among these -omics techniques, metabolomics focuses on the whole set of metabolites (b 1000 Da) in organisms (Jones et al., 2008; Viant et al., 2003) . A comparative analysis on the metabolic profiles can detect the metabolic perturbations in organisms caused by environmental pollution, which may interpret the biological effects of environmental pollution (Fasulo et al., 2012; Kwon et al., 2012; Cappello et al., 2013) . Previously, Kwon et al. (2012) successfully applied nuclear magnetic resonance (NMR)-based metabolomics to study the biological effects of metal pollution on mussels (Mytilus edulis) collected from the metal-polluted area, Onsan Bay. They suggested that NMR-based metabolomics is useful to elucidate the metal pollution-induced biological effects in organisms.
In this study, NMR-based metabolomics was used to compare the metabolic profiles in shrimp C. affinis sampled from metal-polluted and relatively clean sites in the Laizhou Bay to elucidate the biological effects induced by metal pollution. The shrimps were sampled from three sites, site 5283 (S5283), site 6283 (S6283), and site 6183 (S6183), located along the coast of the Laizhou Bay in the Bohai Sea. 
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Of them, the first two sites (S5283 and S6283) were close to Longkou and Zhaoyuan cities with many gold-and coal-mining areas. Therefore, these two sites were potentially contaminated by metals from the industrial discharges. The aims of this study were to test the metal accumulation and characterize the biological effects in shrimps C. affinis exposed to metal pollution by using NMR-based metabolomics. The shrimps C. affinis were collected from the aforementioned three sites (S5283: 39°0′0″ N, 120°30′0″ E; S6283: 37°45′0″ N, 119°15′0″; and S6183: 37°15′0″ N, 119°30′0″ E) located along the coast of the Laizhou Bay in the Bohai Sea in May 2015 (Fig. 1) . A total of nine individual shrimps with similar sizes were sampled from each site, and their digestive gland and muscle tissues were immediately dissected and flash-frozen in liquid nitrogen. The shrimp samples were transported to laboratory and stored at − 80°C before metabolite extraction and metal analysis. All the practical procedures for shrimp sampling were strictly performed in accordance with the guidelines suggested by Hines et al. (2007) .
Metabolites were extracted from the muscle tissues of shrimps (n = 9) by a modified extraction protocol using methanol/water/chloroform (Zhang et al., 2011a) . Briefly, the muscle tissue (~60 mg) was homogenized using a high-throughput homogenizer (Precellys 24, Bertin Technologies, France) and extracted in 4 mL/g of methanol, 0.85 mL/g of water, and 2 mL/g of chloroform. The mixture was shaken and centrifuged (5 min, 3000 g, at 4°C), and the supernatant substance was removed. Chloroform (2 mL/g) and water (2 mL/g) were added to the supernatant, and the mixture was vortexed and centrifuged again (10 min, 3000 g, 4°C). The methanol/water layer containing polar metabolites was transferred to a glass vial. The samples were dried in a centrifugal concentrator and stored at − 80°C before NMR measurement. It was subsequently resuspended in 600 μL of 100 mM phosphate buffer (Na 2 HPO 4 and NaH 2 PO 4 with 0.5 mM TSP, pH 7.0) in D 2 O. The mixture was vortexed and then centrifuged at 3000g for 5 min at 4°C. The supernatant substance (550 μL) was pipetted into a 5-mm NMR tube for NMR analysis.
Metabolites of shrimp muscle samples were analyzed on a Bruker AV 500 NMR spectrometer at 500.18 MHz (at 298 K) (Zhang et al., 2011a) . 1 H NMR spectra were obtained using the following parameters with standard 1D NOESY pulse sequence: 11.9-μs pulse, 6009.6-Hz spectral width, 0.1-s mixing time, 3.0-s relaxation delay, and 128 transients collected into 16,384 data points,. Data sets were then zero-filled to 32,768 points, and exponential line broadenings of 0.3 Hz were applied before Fourier transformation. All 1 H NMR spectra were phased, baseline-corrected, and calibrated (TSP at 0.0 ppm) manually using TopSpin software (version 2.1, Bruker).
All 1D 1 H NMR spectra were converted to a data matrix using the custom-written ProMetab software in MATLAB (V7.0, MathsWorks, Natick, MA, USA) (Viant et al., 2003) . Each spectrum was segmented into bins with a width of 0.005 ppm between 0.2 and 10.0 ppm. The bins of residual water peak between 4.70 and 5.20 ppm were excluded from all the 1 H NMR spectra. The total spectral area of the remaining bins was normalized to unity to facilitate the comparison between the NMR spectra. All the NMR spectra were generalized log-transformed with a transformation parameter λ = 1.0 × 10 −8 to stabilize the variance across the spectral bins and increase the weightings of the less intense peaks (Zhang et al., 2011a) . Data were mean-centered before multivariate data analysis. The unsupervised pattern recognition method, principal component analysis (PCA), was used to reduce the dimensionality of the data and separate the groups of shrimp samples from the sampling sites (S6183, S6283, and S5283) in the Laizhou Bay. The supervised multivariate data analysis methods, namely partial least squares discriminant analysis (PLS-DA) and orthogonal projection to latent structure with discriminant analysis (O-PLS-DA), were sequentially carried out to detect the statistically significant metabolites induced by metal pollution. The score plots were used to show the classifications, and the corresponding loadings plots were used to show the NMR spectral variables contributing to the classifications. The model coefficients were calculated from the coefficients incorporating the weight of the variables to enhance interpretability of the model. Then, metabolic differences responsible for the classifications between the reference (S6183) and the metal pollution-exposed groups (S6283 or S5283) could be detected in the coefficient-coded loadings plot generated by MATLAB (V7.0, MathsWorks, Natick, MA, USA) using an in-house-developed program and was color-coded with absolute value of coefficients (r). A hot color (i.e., red) represents the metabolites with highly positive/negative significances in discriminating between groups, while a cool color (i.e., blue) represents no significance. The correlation coefficient was determined on the basis of the test for significance of Pearson's product-moment correlation coefficient. The model was validated using 9-fold cross-validation, and the cross-validation parameter Q 2 was calculated;
an additional validation method, permutation test (permutation number = 200), was conducted to evaluate the validity of the PLS-DA models (Feng et al., 2013) . Metabolites were assigned following the tabulated chemical shifts and by using the software Chenomx (Evaluation Version, Chenomx Inc., Edmonton, Alberta, Canada).
Each digestive gland tissue sample from the shrimps (n = 6) was dried to constant weight and then digested thoroughly in concentrated HNO 3 at 80°C for 12 h. Metal concentration in the shrimp samples was determined by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700×). Appropriate internal standards (Sc, Ge, In, and Bi) were selected to correct the sensitivity drift and matrix effect. A quality control sample was repeatedly measured after every 10 samples. Recovery of the analyzed metals from the standard reference material (SRM 1566b, oyster tissue) had a b 10% deviation from the certified values except Cr, whose certified concentration was not available. Metal concentrations were expressed as mean ± standard deviation (SD). All the data of metal concentrations were subjected to PCA with autoscaling and Student's t-test. A P value of b 0.05 was considered significant. Statistical analysis was conducted using Minitab software (version 15, Minitab Inc., PA, USA).
Although shrimp C. affinis is not a member of the bioindicators in "Mussel Watch Program" (Goldberg et al., 1983) , it is the dominant species in the Bohai Sea ecosystem and plays a critical role in the food chain (Cheng, 2005) . Therefore, it is necessary to elucidate the biological responses induced by metal pollution in this species. The average concentrations (μg/g wet weight) of eight metals (Cu, Cr, Mn, Co, Ni, Zn, Cd, and Pb) and two metalloids (As and Se) in the shrimps C. affinis collected from the reference site (S6183) and metal-contaminated sites (S6283 and S5283) are listed in Table 1 . The unsupervised pattern recognition method, PCA, was used to summarize the differences in metal/metalloid concentrations from the sampling sites (S6183, S6283, and S5283). The biplot of shrimp samples and variables (eight metals and two metalloids) is shown in Fig. 2 , with the first two principal components (PCs) explaining 58.18% of the variance from the original 10 dimensions. As shown in the biplot (Fig. 2) , the sample clusters from the reference site (S6183) and metal-contaminated site (S6283) were separated along the PC1 axis. The sample cluster from another metal-contaminated site (S5283) was located upon positive PC1 and positive PC2 axes. In addition, the shrimp samples from both metal-contaminated sites (S6283 and S5283) were also separated along the PC2 axis. This indicated that significant differences in metal concentrations existed in shrimp samples from these three sampling sites. In detail, the shrimp samples from S6283 possessed the highest tissue concentrations of Co, As, and Cd (p b 0.05). Especially, the levels of As and Cd were approximately 5 times higher than those in the samples from the reference site S6183 (Table 1) . For the samples from S5283, the tissue concentrations of Cu, Mn, Co, Ni, and Cd were significantly higher than those in the samples from S6183. Among these metals, Cu was the main metal contaminant, which was 3 times higher than that in the shrimp samples from the reference site (Table 1) , which was also confirmed by the tight clustering of Cu variable to the samples from S5283 site (Fig. 2) . As both S6183 and S5283 sites are close to Longkou and Zhaoyuan cities, there were potential marine metal contaminants such as Cd, As, Ni, Pb, and Cu from the industrial effluents from the coal-and gold-mining industries in these two cities (Liang et al., 2011; Liu et al., 2016) , which might lead to the relatively high tissue concentrations of Cd, As, and Cu in shrimps collected from these two sites in the Laizhou Bay. The typical 1 H NMR spectra of shrimp tissue extracts sampled from S6183, S6283, and S5283 sites are shown in Fig. 3 . A total of 35 metabolites were identified, including amino acids (valine, leucine, isoleucine, alanine, arginine, glutamate, glutamine, methionine, glycine, etc.), osmolytes (betaine, taurine, homarine, and hypotaurine), energy storage compounds (glucose, glycogen, and adenosine triphosphate (ATP)), and organic acids (lactate, succinate, and fumurate). All the 1 H NMR spectra were dominated by an organic osmolyte, betaine, which is involved in the osmotic regulation in marine invertebrates (Fig. 3) .
As shown in Fig. 4 , PCA resulted in clear separations between reference (S6183) and metal pollution-exposed groups (S6183 and S5283). In detail, the shrimp samples from the reference site are located along the negative PC2 (19.54% variation) and negative PC3 (11.57% variation) axes. The S6283 group is separated along the positive PC2 axis, while the S5283 group is located along the positive PC1 (32.59% variation) and positive PC3 axes. The significant separations between three groups demonstrated the significant metabolic differences in shrimps sampled from these sampling sites (S6183, S6283, and S5283). Subsequently, O-PLS-DA was conducted on the 1 H NMR spectral data from the reference (S6183) and metal pollution-exposed shrimp groups (S6283 and S5283) (Fig. 5) . Pairwise comparison between the reference and metal pollution-exposed groups could present the metabolic responses induced by metal pollution in shrimp samples. The score plots (Fig. 5A and C) indicated clear classifications between the reference (S6183) and metal pollution-exposed groups (S6283 and S5283), with reliable Q 2 values (N 0.7). The significant metabolic responses induced by metal pollution (S6283 and S5283) were labeled in the corresponding loading plots of O-PLS-DA (Fig. 5B and D) . As shown in the loading plot of O-PLS-DA (Fig. 5B) , the shrimp samples from S6283 site had higher levels of arginine, acetoacetate, malonate, choline, phosphocholine, glycine, homarine, and adenosine monophosphate (AMP), and lower levels of lactate, glutamate, inosine, and ATP than those in the shrimp samples from the reference site (S6183). The metabolic profiles in the shrimp samples from S5283 site possessed higher concentrations of phosphocholine, glycine, homarine, AMP, dimethylglycine, and betaine, and lower concentrations of lactate, arginine, inosine, ATP, glutamine, and dimethylamine (Fig. 5D) . The metabolic responses including lactate, inosine, ATP, phosphocholine, glycine, homarine, and AMP were similar in the shrimp samples from S6283 and S5283 sites.
Amino acids act as osmolytes in osmotic regulation and can be involved in energy metabolism in marine invertebrates (Viant et al., 2003) . In the shrimp samples from S6283 site, the levels of arginine and glycine were higher than those in the shrimp samples from the reference site (S6183), which suggested that the metal pollution in S6283 disturbed the osmotic regulation in shrimps, together with the abundant osmolyte homarine. However, glutamate was relatively less abundant than that in the shrimp samples from S6183 site. It seemed that this amino acid was decreased to compensate for the increased arginine, glycine, and homarine to regulate the osmotic balance in shrimps. Phosphocholine, choline, and ATP are involved in the energy metabolic pathways. Malonate is a competitive inhibitor of the enzyme succinate dehydrogenase that is also related to energy metabolism. AMP is the product of ATP hydrolysis. The altered phosphocholine, choline, ATP, AMP, and malonate levels implied the disturbance in energy metabolism caused by metal pollution in shrimps from S6283 site. Additionally, the depleted lactate indicated the reduced anaerobiosis in the shrimps from S6283 site. Acetoacetate is a ketone body synthesized from acetyl-coenzyme A as the end product of fatty acid metabolism. The high concentration of acetoacetate implied the enhanced lipid metabolism in shrimps from S6283 site. Inosine is an intermediate in a chain of purine nucleotides reactions required for muscle movements. The low concentration of inosine might imply the reduced muscle movement caused by metal pollution in S6283 site.
In the shrimp samples from S5283 site, the similar metabolic responses to those observed in the samples from S6283 site, including lactate, inosine, ATP, phosphocholine, glycine, homarine, and AMP, clearly indicated the disturbance in osmotic regulation and energy metabolism and reduced anaerobiosis, lipid metabolism, and muscle movement, as mentioned above. However, several metabolites (dimethylglycine, arginine, glutamine, dimethylamine and betaine) were differentially altered compared to those in the shrimp samples from S6283 site. Among these metabolites, arginine was decreased, which was contrary to that in the shrimps from S5283 site. Dimethylglycine, dimethylamine, and betaine are known osmolytes that play important roles in osmotic regulation. Therefore, the altered dimethylglycine, dimethylamine, and betaine levels and the decreased levels of the amino acid arginine, and glutamine indicated that the metal pollution in S5283 induced osmotic stress in shrimp C. affinis through different pathways compared to that in shrimps from S6283 site. In a previous study, Cu exposure induced a significant ( H NMR spectra of the muscle tissue extracts from shrimps C. affinis from the reference site (S6183) and metal-polluted sites (S6283 and S5283, B and C). Keys: (1) leucine, (2) isoleucine, (3) valine, (4) ethanol, (5) lactate, (6) threonine, (7) alanine, (8) unknown 1 (1.54 ppm), (9) arginine, (10) glutamate, (11) glutamine, (12) methionine, (13) philippinarum (Zhang et al., 2011b) , which was also observed in the shrimps from the metal-polluted site (S5283). Interestingly, Cu was the main metal contaminant in the shrimps from S5283 site (Table 1 and Fig. 2) . Hence, dimethylamine might be the biomarker of Cu in shrimp C. affinis.
On the basis of the concentrations of metals/metalloids in shrimp C. affinis, the two sampling sites (S6283 and S5283) close to Longkou and Zhaoyuan cities along the Laizhou Bay were contaminated by metals such as Cd, As, Cu, Ni, Co, and Mn, which might be due to the industrial discharges from the gold-and coal-mining industries in these two cities.
Scores on PC3 (11.57%) Fig. 4 . Three-dimensional score plot of principal component analysis (PCA) along PC1, PC2, and PC3 axes generated from 1 H NMR spectra of the muscle tissue extracts from shrimps C. affinis sampled from S6183 (▼), S6283 (•), and S5283 (■). H NMR spectra of the muscle tissue extracts from shrimps sampled from reference site (♦) and metal-polluted sites (■), (A) S6183 vs. S6283 and (C) S6183 vs. S5283 and the corresponding coefficient plots (B) and (D). The color map shows the significance of metabolite variations between the two classes (reference and metal-polluted sites). Peaks in the positive direction indicate metabolites that are abundant in the metal-polluted groups. Consequently, metabolites that are abundant in the samples from the reference site are presented as peaks in the negative direction. Keys: (1) lactate, (2) unknown 1 (1.54 ppm), (3) arginine, (4) glutamate, (5) acetoacetate, (6) malonate, (7) choline, (8) phosphocholine, (9) unknown 2 (3.39 ppm), (10) glycine, (11) unknown 3 (3. 96 ppm), (12) inosine, (13) In detail, Cd and As were the main metal contaminants in S6283 site. In S5283 site, however, Cu was the most important metal contaminant. The metabolic responses in shrimp C. affinis exposed to metal pollution (S6283 and S5283) were characterized using NMR-based metabolomics. Results indicated that the metal pollution in S6283 and S5283 induced disturbances in osmotic regulation and energy metabolism and reduced anaerobiosis, lipid metabolism, and muscle movement. However, the altered levels of osmolytes, including dimethylglycine, dimethylamine, and betaine, combined with decreased levels of the amino acid arginine, and glutamine indicated that the metal pollution in S5283 induced osmotic stress in shrimp C. affinis through different pathways compared with that in shrimps from S6283 site. In addition, dimethylamine might be the biomarker of Cu in shrimp C. affinis.
